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Abstract Hydrological modeling is an indispensable component of water resources research and
management in large river basins. There is a tendency for each new group working in a basin to
develop their own model, resulting in a plethora of such tools for each major basin. The question
then becomes: howmuch modeling is enough? This study reviews hydrological modeling in four
large basins (Nile, Mekong, Ganges and Indus). Based on this review, four areas for action to
improve effectiveness and reduce duplication in hydrological modeling of large basins are
suggested. Model setups and input data, as well as model results, should be published, to allow
more coordinated approaches and capitalize on past modeling efforts. More focus is needed on
reporting uncertainty, to allow more realistic assessment of the degree of confidence in using
results for policy and management. Initiatives are needed to improve the quantity and quality of
data for model input, calibration and validation, both traditional hydrological monitoring (im-
proved networks, expansion of automated systems) and new methods for data collection (remote
sensing, crowd-sourcing and community based observations). Finally, within eachmajor basin, an
appropriate agency should be identified and resourced to take responsibility for data sharing and
coordination, to reduce redundancy of effort and promote collaboration.
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1 Introduction
Hydrological modeling has become an indispensable component of water resources research
and management in large river basins. Hydrological models help understand the past and
current state of water resources in the basin, and provide a way to explore the implications of
management decisions and imposed changes (such as climate change). In large river basins in
the developing world, international donors have supported hydrological modeling for water
resources management and planning, from two perspectives: to inform decisions relating to
national development and poverty alleviation; and to prevent trans-boundary conflicts by
promoting equitable allocation and access. Very significant effort and funding has gone into
these models. In pursuit of improved accuracy, there is a tendency for each new group working
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in a basin to develop their own model, or suite of models, resulting in a plethora of
hydrological tools for each major basin. The results are published, but model setup files,
actual inputs and outputs are hardly ever shared in public domain. Due to limited access to
observed data for model calibration, every “new” model is likely to be bound to use the same
data and hence have similar deficiencies to previous modeling attempts. This paper explores
the question: at what stage do we have enough information to stop modeling and get on with
planning and management? How much modeling is enough?
In this paper, we review the modeling effort in four major river basins in the developing
world: Nile, Mekong, Ganges and Indus. For each basin, we provide an inventory of the main
studies published since the year 2000; examine the types, purpose and use of existing models;
overlaps and duplicate investments; constraints and gaps in knowledge. We then provide
recommendations to assist research modeling groups and funding agencies to improve coor-
dination, reduce repetition and improve the effectiveness of their investments in model
development and application.
2 Information Requirements for Basin Planning and Management
The purpose of hydrological modeling at large river basin scale is primarily to support decision
making for water resources management, and their sufficiency or otherwise must be evaluated
in that context. The fundamental information requirements for water resources planning can be
summarized as (Hooper 2005, WMO 2009):
& Resource assessment: resource condition and trend, including spatial and temporal varia-
tion in availability, sufficiency, equity and sustainability of supply.
& Vulnerability assessment: response of the system to unplanned change (such as climate
change, demographic change).
& Impact assessment: effectiveness and impacts of proposed development (response of the
system to planned change).
& Flood risk assessment, prediction and early warning.
The first three assessments are made in the context of “representative” hydrological
conditions: that is, models must be capable of describing impacts within the envelope of
variability that characterizes the system (although the assumption that this envelope is invariant
is increasingly being challenged e.g. Milly et al. 2008). Flood prediction requires the ability to
forecast flows and flood dynamics for particular, rather than representative, conditions, and is
contingent of the availability of real-time data as input.
In this study, we have specifically excluded the information requirements for day to day
operation of water resources infrastructure (irrigation systems, hydropower dams etc.), since this
involves a different scale of information and level of detail to basin scale management and
planning. In addition, we have considered information requirements only for the hydrological
components of the system (flow volume and distribution, river water level, river connectivity,
flood dynamics, water quality, sediment and nutrients). IWRM theory requires integrated assess-
ment of hydrological, environmental, economic and social impacts, since all are closely
interlinked. However, despite best efforts, fully integrated modeling remains elusive, for a number
of reasons. Cross-disciplinary modelling is complicated by differences in data availability,
intellectual frameworks and assumptions in each of the disciplinary domains; dependencies
between different domains are rarely quantified; and in moving between domains, errors are
difficult to characterise, and propagate in unpredictable ways (Johnston and Kummu 2012).
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3 Nile
3.1 Description and Water Resource Issues
The Nile is the longest river in the world. The Nile Basin covers an area of
3.17 million km2 (NBI, no date, http://bit.ly/JFgQ3l) with territory in 11 countries
(Burundi, DR Congo, Egypt, Eritrea, Ethiopia, Kenya, Rwanda, Tanzania, South Sudan,
Sudan and Uganda), and has a total population of around 238 million (Fig. 1). Total
annual flow at the border with Egypt has historically been estimated as 84 km3 (1905–
1959), but there is considerable year-on-year variability as well as longer period variations
(Sutcliffe and Parks 1999). Compared to other major river basins, flows in the Nile
display very high levels of both spatial and temporal variability. The arid northern third of
the basin yields negligible flows, while the highlands of Ethiopia contribute up to 80 %
of annual flow in the lower Nile. The river provides more than 95 % of Egypt’s fresh
water supplies (ESIS 2013). The Nile Basin Initiative (NBI) was formed to develop and
manage the shared water resources of the Basin in an equitable and sustainable manner,
but transboundary water management remains highly contentious. Proposed hydropower
and irrigation, essential to development in the upstream countries, is perceived as a threat
to downstream water availability. Effective transboundary water resources planning and
development are critical to stability in the region. Detailed descriptions of the Nile Basin
and its component systems are available in Sutcliffe and Parks (1999), Dumont (2009),
and Awulachew et al. (2012)).
3.2 Hydrological Models
Hydrological models developed for the whole Nile Basin fall into two main groups: basin scale
model systems, developed primarily by international organisations to facilitate transboundary
water cooperation; and models developed by or on behalf of national governments for water
resources planning and operational management at national to basin scale. In addition, a large
number of models have been developed for component sub-basins, notably the Nile below
Aswan High Dam, and the Blue Nile Basin. Major modeling studies for the Nile Basin
published since 2000 are listed in Table 1.
There have been three main models for the Nile, developed under international programs.
From 1967 to 1993, HYDROMET, a major international project, was undertaken to assist Nile
governments with WR planning. The project included an extensive hydro-meteorological
survey and development of three models for the Upper Nile Basin: a catchment model (daily
Sacramento model); a reservoir model for the lakes in the equatorial plateau (water balance,
regulation); and routing model to represent changes in level due to change in flow (Brown
et al. 1981). These models were used under the UNDP TECONILE project from 1993 to 1999,
but not substantially updated, and have since been superseded by models developed under the
Nile Basin Initiative (NBCBN-RE 2005).
The Nile Basin Decision Support Tool (DST) was developed for the NBI by Georgia
Institute of Technology (Georgakakos 2006) under the FAO-Nile project. In addition to
hydrological models, it includes a database, agricultural planning tools, and interfaces for
models and remotely sensed data. The hydrological component comprises a river simulation
model (10 day time step), which can be used to assess development scenarios and water
sharing strategies; and a suite of rainfall-runoff models for different parts of the basin. The
Nile DST is used by the offices of the NBI, but the models are not in the public domain.
Further development of a Nile Basin Decision Support System (DSS) for the NBI is on-
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going under the Water Resources Planning and Management Project. The DSS incorporates
an information management system, a modular river basin model and economic evaluation
system, and tools for participatory multi-criteria analysis (Drooger and Immerzeel 2010).
Fig. 1 Map of Nile Basin.
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The NileSim model was developed by Maryland University to simulate water resources of the
entire Nile Basin, primarily as a learning tool to explain complex river behavior and management to
non-technical people. It enables the development of scenarios to examine the effects of policy
options and changes caused by manipulating dams and regulating river use (Levy and Baecher
2006). NileSim simulates flow conditions based on monthly data, using a network simulation
drawing on tools from electrical engineering (VisSim - www.vissim.com/). NileSim was developed
originally as an executable file for users to download from the Internet, but is no longer available.
Recently there have been a number of academic studies developing basin-scale models.
Kirby et al. (2010a, c) constructed a simple monthly water account for the Nile Basin for 1951 –
2000 over 25 sub-basins as part of the series of basin models produced under the Challenge
Program onWater and Food. University of Twente has developed Nile Hydrological Simulation
Model (NHSM) combining RIBASIM water distribution and allocation model (MWRI/
Deltares 2009a) with the HBV rainfall-runoff model (Tollennaar 2009). Several studies have
evaluated the likely implications of climate change on river flows by linking global climate
models with simple rainfall-runoff models, such as WATBAL (Yates and Strzepek 1998) or
more complex approaches such as VIC (Beyene et al. 2010) and NHSM (Booij et al. 2011).
Buontempo et al. (2009) and Soliman et al. (2008) linked regional climate models with the NFS
conceptual distributed hydrological model to study impacts of climate change.
Models have also been developed for use by national governments which, while focusing
primarily on individual countries or sub-basin, are nested within a basin context. In Ethiopia, the
Investment Model for Planning Ethiopian Nile Development (IMPEND) was developed to
simulate impact on downstream flows of the four large dams that Ethiopia is considering
constructing on the main stem of the Blue Nile (Block 2007). In Egypt, the Nile Forecasting
System is an operational satellite-driven distributed hydrological modeling system for the Basin,
used by the Ministry of Water Resources and Irrigation to predict inflow to Aswan High Dam
(AHD) with as much lead time as possible (EMWIS, no date, http://www.semide-eg.org/index.
htm). The system uses METEOSAT data, a hydrological calibration system, and reservoir
operations and water balance models. As part of this initiative, Deltares have developed
RIBASIM-Nile, a river network and allocation model operating at monthly time steps using
observed sub-catchment inflows; the model has been applied for the Nile both above and below
Aswan Dam. For climate change simulations, RIBASIM-Nile has been linked with different
rainfall-runoff models, including both NFS and HBV (see Tollennaar 2009; Booij et al. 2011).
A wide suite of models are used by the Egyptian government for planning, forecasting and
operation of Aswan Dam and downstream barrages and other infrastructure. Shawki et al. (2005)
provide a comprehensive review of models used by the Hydraulics Research Institute and the Nile
Research Centre for flood forecasting and operation of AHD and downstream infrastructure. Most
are detailed hydrodynamic, channel and sediment transport models designed for use in small areas.
There is a large number of more detailed hydrological modeling studies in different Nile
sub-basins, with the majority in the Blue Nile and Equatorial Lakes regions; fewer for the
wetlands of southern Sudan (Sutcliffe and Parks 1999; Mohamed et al. 2005; Petersen and
Fohrer 2010; Lamberts 2009); and very few studies for the Sobat-Baro, Atbara and Tekeze
sub-basins (e.g. Blackmore and Whittington 2008; Hasan and Elshamy 2011). Awulachew
et al. (2008) reviewed 16 hydrological modeling studies for the Blue Nile (Abay) basin
covering water balance, rainfall – runoff, sediment yield and climate change studies.
Melesse (2011) presents a collection of 20 papers on the hydrology of the Nile, of which 16
relate to the Blue Nile basin. Van Griensven et al. (2012) list 22 applications of just one model
– SWAT - in the upper Nile basin countries, of which more than half were in the Blue Nile
basin. Under FRIEND-Nile (Flow Regimes from International Experimental and Network Data
– Nile) project, studies were conducted relating to rainfall-runoff modeling, sediment transport
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modeling and drought and flood analysis in selected sub-basins including Lake Victoria basins
(Bashar et al. 2006; Mutua et al. 2006). In the second phase of the project, these studies have
been extended to include stochastic modeling of floods and low flows and eco-hydrological
models; results have not yet been published (UNESCO, no date, a, http://www.unesco.org/new/
en/cairo/natural-sciences/hydrology-programme/friendnile/research-components-2006-2011/).
Other published studies, mainly at sub-basin level, have focused on improving existing
models through the use of advanced techniques such as neural networks (El-Shafi et al. 2008;
Antar et al. 2006); fuzzy logic (bi Al-Zu et al. 2010); and on the use of satellite derived rainfall
and climate data as inputs to hydrological modeling and water balance estimation (e.g.
Mohamed et al. 2005; Senay et al. 2009; Artan et al. 2007; Rientjes et al. 2011 amongst others).
3.3 Cost
The Hydromet Survey Project was established in 1967 with financial assistance of USD
1.8 million from UNDP. Its successor project TECONILE (established in 1993) consisted of
22 technical and capacity building projects, with a total cost of USD 100 million. The main
focus of the project was basin cooperation, andmodels developed under Hydromet were used in
the project, but not substantially updated (Abawari 2011). The FAONile project, with funding
of USD 11million from 1992 to 2004, developed the Nile DSTand related information systems
(FAO, no date, http://www.fao.org/nr/water/faonile/background.htm). The FRIEND-Nile pro-
ject (Flow Regimes from International and Experimental Network Data) developed hydrolog-
ical models supported byUNESCOwith USD 1.9 million (2001 – 2011) (UNESCO, no date, b,
http://www.unesco.org/new/en/cairo/natural-sciences/hydrology-programme/friendnile/). The
NBI announced a 2 year project from 2013 on Nile Cooperation for Results (NCORE), with
a component including water resources data, and information and knowledge base, with
funding of USD 4.5 million (NBI, no date, http://bit.ly/JFgQ3l). The Eastern Nile Flood
Preparedness and Early Warning Project, which includes a large component on data and
models for flood forecasting, cost USD 4 million for the initial phase (2007–2010); the next
phase (which includes other components as well as flood forecasting) is seeking total funding of
USD 39 million for 2012 – 2016 (NBI, no date, http://bit.ly/JFgQ3l).
3.4 Analysis
Basin-scale modeling for the Nile has been directed mainly at transboundary water management
and planning of major water resources developments, from proposals in the 1950s to construct
Jonglei canal to increase flow to Egypt in theWhite Nile by bypassing the swamps of the Sudd, to
current debates about hydropower development in the highlands of Ethiopia and impacts of
climate change. The Nile DST was developed specifically as a joint planning tool under the
auspices of the NBI A major study was initiated by the World Bank using the DST to assess a
range of development scenarios and identify projects which offer significant transboundary
benefits (Blackmore and Whittington 2008). The information generated from these studies is
unquestionably valuable for planning, but for a range of political reasons, transboundary planning
and management has not progressed beyond preliminary negotiations (see Abawari 2011; Paisley
and Henshaw 2013 for a discussion of the politics of Nile transboundary water management).
Although the complexity of the basin and paucity of data are often cited as obstacles to
modeling at the basin scale (see for example Mutua et al. 2006), as early as 1974 there was
agreement in the HYDROMET project that hydrological data were sufficient to develop
models with accuracy compatible with the requirements of water resources planning
(Shawki et al. 2005). A key driver of model development for the Nile has been the availability
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of flow records from the network of hydrological monitoring stations established by the
English colonial administration from the late 1890 onwards. In the post-colonial period,
many of the stations have closed, or operated only intermittently, but the Nile has a
remarkable historical hydrological database with between 80 and 100 years of data for key
stations. The data and their significance are described in detail in Sutcliffe and Parks (1999).
This definitive study provides the basis for most later work, since availability of flow
monitoring data has declined, rather than increased, since that period. Conflict in many areas
of the basin over the last 50 years has meant that the flow monitoring network has degraded
rather than improved in the intervening years. In addition, since 2000, hydrological monitoring
data for major stations in Egypt have not been released into the public domain. This is clearly a
problem for calibration and validation of models in a system where the infrastructure is
evolving rapidly. Input data (on climate, topography, land cover) for distributed rainfall-
runoff modeling are very sparse in many areas of the basin, and most studies rely on remotely
sensed information (see for example Mohamed et al. 2005; Kirby et al. 2010a). These data are
proving increasingly valuable and robust, but methods to adequately validate the resulting
spatially distributed model outputs are lacking (Van Griensven et al. (2012).
There is a significant degree of duplication of effort in modeling in the Nile: at least seven
different models have been used in basin scale assessments since 2000; with many more in sub-
basins (particularly the Blue Nile) – see Table 1. Models and data developed under international
programs for the NBI are theoretically in the public domain, but the highly politicized context
means that they are often difficult to access and have not fostered a coordinated approach. There
has been no formal comparison of the basin-wide models, but three studies have been published
comparing results from different modeling suite or approaches in Nile sub-basins. Bashar et al.
(2006) under the FRIEND-Nile project compared five models (Galway Flow-Forecasting
Systems Models) applied in different Nile sub-basins and concluded that simpler models for
continuous river-flow simulation perform better than more complex ones. Similarly, Awulachew
et al. (2008) concluded that the results from more complex models in the Ethiopian highlands
were disappointing compared with predictions of the simple water balance models. They
attribute this to lack of adequate data for both input and calibration of complex models in
Ethiopia; and to the fact that models developed for conditions in the United States or Europe are
not appropriate for Ethiopia. Van Griensven et al. (2012) reviewed 22 SWAT models mostly in
the Blue Nile, and pointed out that resulting predictions of outflows were often very different,
even from different applications of the same model (in this case, SWAT).
In theory, the concentrated effort in sub-basins in the Nile could and should result in
improved quality of models both for the sub-basin and ultimately for the basin as a whole. In
reality, this has not happened. To capitalize on the increasingly detailed studies emerging from
sub-basins, more consideration must be given to how the sub-basin models and results could
feed into basin scale studies. Van Griensven et al. (2012) make a number of technical
recommendations to improved model practices in the Nile, including a recommendation that
published papers should be more complete in reporting model performance and calibration to
expedite comparison and integration of studies.
4 Mekong
4.1 Description and Water Resources Issues
The Mekong is the largest river in South East Asia, with total basin area of 0.82 million km2.
The Mekong Basin encompasses parts of six countries (China, Myanmar, Lao PDR, Thailand,
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Cambodia and Vietnam) (Fig. 2) with a total population of around 70 million people. Long-
term mean annual flow in the river is 475 km3 (Kummu 2008). The river has immense cultural
and economic significance for the people of the region, and the water resources of the basin
Fig. 2 Map of Mekong Basin.
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contribute substantially to the economies of the countries as well as to local livelihoods and
food security. All countries in the region have ambitious plans for development of water
resources, including construction of dams and reservoirs for hydropower; expanding with-
drawals for irrigation, domestic and industrial use; and inter- and intra-basin diversions. There
are increasing concerns about the potential impacts of water resource development on the
riverine and floodplain ecosystems that sustain the Mekong’s highly productive fisheries.
Changing global climate and the trans-boundary nature of the river both add complexity to
the debate about equitable sharing of the river’s resources. Comprehensive overviews of the
Mekong Basin and its resources are available in MRC (2010) and Campbell (2013).
4.2 Hydrological Models
A large number of hydrological models have been developed for the Mekong to support water
resources development and management. Johnston and Kummu (2012) provided an inventory
of 23 models developed since 2000; and Kite (2000) reviewed models developed for the
Mekong prior to 2000. Major modelling studies in the Mekong since 2000 are listed in Table 2.
The development of hydrological models in the Mekong reflects shifts in purpose and
politics. In the 1960 and early 1970s, models were developed through the Mekong River
Commission (MRC) for basin-scale development planning and flood forecasting, but these
efforts were side-lined by conflict in the region. During the 1980s, as peace was restored, more
detailed models for feasibility studies of specific projects or management of particular areas
were developed, mainly by international engineering companies. In 2000, MRC instituted a
major program of hydrological modelling to create a Decision Support Framework (DSF),
conceived as a “toolbox” with a knowledge base, simulation models and impact assessment
tools to provide broadly based assessment of environmental and socio-economic impacts of
water resource development (MRC 2005). More detailed models were developed for particular
areas to complement the DSF: MIKE11 modelling of Tonle Sap Lake and the Cambodian delta
(Fuji et al. 2003); and WUP-FIN modelling of the flow regime and water quality of the Tonle
Sap (MRC WUP-FIN 2003, 2007; Kummu et al. 2006) and later the Delta and Nam
Songkhram basin (MRCWUP-FIN 2007). At present, four main suites of hydrological models
are used in the Mekong:
& MRC’s DSF (SWAT, IQQM and iSIS) (MRC 2005);
& VIC (Costa-Cabral et al. 2008; Thanapakpawin et al. 2007);
& MIKE suite developed by DHI (MikeBasin, Mike21 and Mike11 – ADB 2004); and
& WUP-FIN suite (EIA, VMod) (MRC/WUP-FIN 2003, Kummu 2008).
Each combines several types of models (rainfall-runoff, flow routing and hydrodynamic
models) to provide a comprehensive simulation package.
MRC’s flood forecasting program has provided operational flood warning since the 1970s
(Tospornsampan et al. 2009). A variety of forecasting tools have been used, including SSARR
in the upper and middle reaches of the river, regression models for the lower Mekong (below
Pakse) and an Artificial Neural Network (Apirumanekul 2006). In 2008, a new Mekong Flood
Forecasting System was introduced based on the Unified River Basin Simulator (URBS)
model and iSIS Hydrodynamic Model coupled together in the Delft-FEWS Platform
(Tospornsampan et al. 2009).
Since the mid-1990s there has been a proliferation of hydrological models for the Mekong
in academic and research circles. In some cases these models have been developed as
application of an of existing tool to the specific context of the Mekong; for example, Costa-
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Cabral et al. (2008) have applied the VIC model for the entire Mekong Basin to study
hydrology, sediment transport and the carbon cycle; and a simple water accounting model
(Kirby et al. 2010b) has been applied to assess water productivity (Mainuddin et al. 2008) and
the impacts of climate change (Eastham et al. 2008). In others, models have been purpose built
to address particular questions in the Mekong: for example, Ringler (2001) examined the
economic optimisation of water allocation in the Lower Mekong; Khem et al. (2006)
developed inundation models for the Delta; and Yoshimura et al. (2009) developed a distrib-
uted hydrological model (YHyM) to simulate the nutrient loads in the Mekong.
4.3 Cost
Model development has been driven mainly by MRC: of the 23 models listed by Johnston and
Kummu (2012) eleven were developed directly within MRC programs; and another six were
developed by research agencies with some degree of collaboration with MRC. Johnston and
Kummu (2012), based on figures from MRC reports, estimated the costs relating to develop-
ment of basin scale models of the Mekong at MRC since 2000 at around USD 20 million. This
includes costs for development of hydro-meteorological databases and GIS, and for decision
support tools for riparian environmental studies. Only two models (VRSAP and Lancang
models) were developed or operated exclusively within national agencies. The Government of
Vietnam has supported development and use of VRSAP for over 20 years within Vietnam Sub
Institute for Water Resources Planning (Hoanh et al. 2009); no estimates of the cost of model
development area available. As part of its support to the government of Lao PDR in assessing
and managing the impacts of the Nam Theun two hydropower dam, ADB funded development
of hydrological and hydraulic models. Total technical assistance including cumulative impact
assessment, capacity building and other aspects was USD 1.7 million; modelling was only one
component (ADB 2004).
4.4 Analysis
The main applications of water resources modelling at the basin scale in the Mekong have
been in transboundary planning and policy development. In a policy context, hydrological
models have been used to explore a wide range of issues in the Mekong. The models have
been effective in building understanding of the basin water resources, and identifying and
describing the issues and trade-offs involved in basin-scale planning (see for example, MRC
2010), and have made an important contribution to the development debate.
Existing model suites provide basin scale tools for hydrological resource assessment,
vulnerability assessment, and impact assessment. It is arguable that at the basin scale, focus
now needs to be on linking hydrological change to ecological and livelihoods impacts. Despite
the high degree of sophistication and diversity of existing models, there are still areas in which
models are lacking or inadequate for the Mekong Basin, specifically groundwater and water
quality, and short-term dam operations (needed in order to assess the impacts of mainstream
dams). However, data to calibrate such models are lacking in most areas of the Mekong.
MRC’s flood forecasting program is a vivid illustration of the fact that technical sophisti-
cation is not always the critical issue in model effectiveness. Despite significant technical
short-comings in the SSARR model, identified in an early review by Delft Hydraulics
(Vreugdenhil 1987 cited in Kite 2000), SSARR was remarkably long lived as a flood
forecasting tool, used from the 1970s until 2008. In operational situations, simplicity, stability
and consistency of the modelling platform are of primary importance. In addition, the input
data on river levels and rainfall is the most significant constraint to accuracy of forecasts; and
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priority was given in MRC’s program to improving the quality, availability and timeliness of
near-real time data before upgrading the model platform (Apirumanekul 2006).
As part of developing the DSF, MRC put considerable effort into collating and validating a
regional hydro-meteorological database and expanding and improving the hydrological mon-
itoring network. Real time water level data from 17 mainstream and 32 tributary monitoring
stations are available through MRC’s Information Portal (http://portal.mrcmekong.org/). On
the whole, hydrological data quality is not a major limitation for modelling in the Mekong at
the basin scale (Adamson 2006, World Bank 2004). However, hydrodynamic modelling of the
Mekong floodplain is limited by the quality of available digital elevation models; and
development of basin-wide water quality and sediment transport models has been hampered
by paucity of water quality data.
MRC has played a role in coordinating modeling efforts across the basin; and while not
preventing duplication has facilitated collaboration and information exchange between the
different modeling groups. MRC makes available information on model setups through an
online modeling community (http://portal.mrcmekong.org/cms/models-and-scenarios) but
since some of the models use proprietary software, the actual models cannot be shared.
Despite coordination through MRC, most groups have worked relatively independently and
there is significant redundancy in the modelling effort. There are, for example, no less than
seven hydrodynamic models used to study the Mekong floodplain and delta, in addition to
older models no longer in use. Direct comparison of results from the different models suites
has not been possible, since underlying assumptions and input data are fundamentally different
(see for example Kummu and Sarkkula 2008; Johnston and Kummu 2012). Adamson (2006)
reviewed and compared the four main regional hydrological model suites for the Mekong and
concluded that each is appropriate for different applications: for example, MRC-DSF is the
preferred system for regional scale appraisal of impacts of resource development in the Lower
Mekong; while MikeBasin has significant advantages in assessing specific infrastructure.
Initiatives led by MRC have considerably improved simulation modelling capacity within
the national agencies of the MRC partner governments, but outside of China and Vietnam,
uptake and use of the models for applications by the national governments (beyond that
initiated by MRC) is limited. There are a number of reasons for this. Decisions about water
resources are driven by concerns such as ecological impacts of development and the conse-
quent effects on livelihoods (e.g. fisheries), rather than hydrology per se, and these secondary
impacts are not well simulated by existing models. Development is being driven in a piece–
meal way by individual projects and foreign investment, not by a coordinated plan as was
foreseen when the DSF was established. Investors and governments perceive model outputs as
too complex and not sufficiently targeted; while NGOs and communities perceive that the
analysis is skewed to system components that can be quantified, so that economic outcomes
tend to be emphasized and the impacts on ecology and livelihoods are insufficiently considered
(Johnston and Kummu 2012; McCartney and Lacombe 2011).
5 Ganges
5.1 Description and Water Resource Issues
The Ganges basin covers 1.05 million km2, encompassing all of Nepal, over a third of
Bangladesh, almost half of India and a small area of China (Fig. 3). The river system is a
complex interplay of monsoonal runoff, glacier and snow melt and groundwater resources,
with total annual flow estimated at 500 km3 (World Bank 2012). The Ganges is the most
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populous river basin in the world, with total population approaching 665 million, and
population density ten times the global average. The basin contains almost a third of India’s
agricultural land, and some of the largest irrigation systems in the world. Due to the mix of
high population, high dependence on agriculture and flood risk, the Ganges is seen as one of
the most climate vulnerable areas in the world (Maplecroft 2011). Transboundary governance
of the river is very contentious; although there are a number of bilateral treaties governing
development in parts of the basin, there is no basin-wide agreement.
5.2 Hydrological Models
Despite the wide range of development questions in the Ganges for which hydrological
information is essential, there has until recently been relatively limited modeling at basin
scale. The main modeling studies for the Ganges Basin published since 2000 are listed in
Table 3.
Since the Indian government considers hydrological data for the Ganges to be a matter of
national security and has not released it publicly since 1973, construction and validation of
basin-scale models has been restricted mostly to models based on global datasets. Eastham
et al. (2010a) constructed a basin scale water account for the Ganges using publicly available
global data for climate (Climate Research Unit of University of East Anglia - www.cru.uea.ac.
uk/cru/) and flows (National Center for Atmospheric Research Data Archive - http://rda.ucar.
edu/) but emphasized the limitations imposed by lack of data. Monthly flow time series were
available for only 5 of the 14 sub-basins used in the model; and climate data for the mountain
catchments were anomalous, with observed discharge exceeding calculated precipitation.
Similarly, De Condappa et al. 2009 found that available streamflow data were insufficient to
adequately calibrate a WEAP model for both Indus and Ganges basins.
Fig. 3 Map of Ganges Basin.
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To promote an evidence-based dialogue between basin countries of the opportunities and
risks of water resources development in the Ganges, the World Bank (2012) commissioned the
development of a suite of models to give comprehensive coverage of the basin. The Ganges
Strategic Basin Assessment (GBSA) included: water systems modeling, economic modeling
of distribution of benefits and tradeoffs from water resources development, and social analysis
of impact of water variability. The basin system simulation used the MIKE suite (including
MIKE BASIN, MIKE 11 hydrodynamic and MIKE 21 salinity) to examine linkages and water
development scenarios, complemented by a more spatially detailed SWAT (rainfall-runoff)
model to study water balance, and scenarios for irrigation use, water quality and climate
change. A Flood Analyzer tool used outputs from SWAT to simulate vulnerability to floods
under different scenarios; and an analysis was made of the impact of climate change on
contribution of glacial melt. An economic optimization model was developed using the same
schematization as the basin simulation, to explore patterns of water allocation to maximize the
system-wide economic benefits from hydropower, agriculture, flood reduction, and down-
stream low flows. An important component of the project was compilation of a knowledge
base from publicly available but widely dispersed sources.
Apart from these studies, models have mostly been developed for specific sub-basins, for
three main issues: flood forecasting in Bangladesh; climate change analysis in the Upper
Ganges/Nepal; and to examine the potential impacts of the Indian National River Linking
Program in the Indian portion of the basin.
Since 1998, the Bangladesh Flood Forecasting and Warning Centre (www.ffwc.gov.bd) has
run an operational “Super Model” incorporating a hydrodynamic model (MIKE 11 HD) for all
major rivers and floodplains in Bangladesh, with rainfall-runoff model (MIKE 11 RR) which
generates inflows from catchments within the country; inflows from India rely on observations
at three border stations where the major rivers enter Bangladesh. This limits the forecasting
lead time to 2–3 days, which could be considerably improved if more timely upstream data
were available (Hossain and Katityar 2006). To address this problem, Hopson and Webster
2010 developed a hydrologic multi-model (HEPEX) using remotely sensed precipitation
datasets for the Ganges and Bramaputra to forecast river discharge into Bangladesh at daily
time steps for flood forecasting. Biancamaria et al. 2011 explored the use of satellite altimetry
(Topex/Poseidon) to measure river levels as input to flood forecasts; and Akhtar et al. 2009
used a data driven model based on ANN (Artifical Neural Networks) to generate daily flow
forecasts from satellite rainfall data as an alternative to forecasting flows using hydrological
models.
Within India, hydrological models have been developed to assess proposed development
plans for the Indian portion of the basin. Gourdji et al. 2008 describe the use of HECS-HMS to
evaluate the National River Linking Project; in the absence of more recent data, the model was
calibrated based on data from 1965 to 1968. Lacy (2006) developed a water quality model to
assess Ganges Action Plan, which modeled pollutant loads and water quality; since flow data
were not available, discharge was assessed as a function of tributary watershed area.
Concern about the impacts of climate change on the Ganges system, particularly areas fed
by glacier and snowmelt, has generated a number of studies in the Upper Ganges using SWAT
models (Gourdji et al. 2008, WWF 2011; Bharati et al. 2011) and a global hydrological model
LPJmL (High Noon Project, no date, http://www.eu-highnoon.org/datatools/applied-methods)
to explore the impacts of climate change and infrastructure on water availability.
Groundwater is an important resource for irrigation in the basin, but no examples of basin-
scale groundwater models were found in the literature. Models simulating groundwater flows
have been developed over smaller areas (e.g. Mukherjee et al. 2007, Kumar and Seethapathi,
Adhikary et al. 2011), and there has been considerable focus on modeling the dynamics of
Hydrological Modeling of Large river Basins: How Much is Enough? 2713
arsenic contamination in groundwater in the Delta, as a result of significant health problem
related to naturally occurring elevated levels (e.g. Haque et al. 2012). The GSBA analysis of
groundwater issues relied mainly on a study on groundwater management for the Ghagra-
Gomti Basin (SMEC 2009).
5.3 Costs
The World Bank Ganges Strategic Basin Analysis project had a budget of USD 1.4 million
over 2009–2012 (SAWI 2011). Danida has supported hydrological modeling for the
Bangladesh Flood Forecasting and Warning Centre since 1995; the allocation for 2008–
2010 was USD 0.8 million (4 million DKK) (DANIDA, no date).
5.4 Analysis
Until the GBSA study (World Bank 2012), much of the effort in basin-scale modeling in the
Ganges was directed to characterizing the flow regime of the upper basin as an input to flood
forecasting, mainly for Bangladesh, with a focus on models driven by satellite-derived data to
compensate for the lack of hydrological data (and/or access to them) for the Indian portion of
the basin. In policy and planning contexts, models were developed to assess the National River
Linking Project (water availability) and the Ganges Action Plan (water quality) but were
limited by lack of data. The GBSA study (World Bank 2012) is the first comprehensive basin-
scale assessment for the Ganges. The study challenged existing perceptions about Ganges
basin dynamics (for example, the notion that upstream storage in Nepal could control flooding
in the lower basin), and demonstrated that the basin is too large and complex to be understood
intuitively. However, it is seen by some as “India-centric” (Pun 2013).
Basin-scale studies in the Ganges have been significantly hampered by access to
hydrological and related data for calibration and validation. The experience of the World
Bank project team, described in World Bank (2012) exemplifies the issues involved. Since
data were not readily available, compilation and quality checking of multiple datasets was a
significant component of project effort and cost. The lack of access to critical hydrological data
in India meant that calibration was possible only at two sites, in Nepal and Bangladesh, with
no calibration sites in India. Despite these limitations, the project team concluded that the
knowledge base and models developed under the GBSA are now “of sufficient certainty to
inform evidence-based discussions around a set of core critical issues”. While improved data
and models “are not expected to change the major analytical results that underpin the insights
from the study”, there are some important gaps. It was not possible to characterize flood peaks
accurately, due to sparse rainfall data; this could be improved with integration of satellite
information into hydro-meteorological systems. A key conclusion of the GBSA was confir-
mation of the potential for storage and conjunctive use of groundwater in shallow aquifers in
basin – the “Ganges Water Machine” (Revelle and Lakshminarayan 1975) but implementing
these concepts at scale would require better quantification and understanding of the dynamics
of groundwater flows and surface water–groundwater interactions, including more compre-
hensive hydrogeological models and data.
In the Ganges, a lack of models has been more of an issue than duplication of effort;
although even here, several different groups have addressed the problem of inflows to
Bangladesh for flood warning, from different angles. While the World Bank has published
the results of the GBSA, access to their actual models is not available. Within India, Nepal and
Bangladesh there has been considerable modeling effort on individual sub-basins of the
Ganges system (see for example SMEC 2009, Bharati et al. 2011). Coordination of these
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efforts could improve and support basin-wide models, as demonstrated by the GBSA, which
drew on detailed studies in specific sub-basins to support its conclusions. The absence of an
institutional mechanism for cooperation between Ganges basin countries complicates collab-
oration over model development, and sharing of existing models and data.
6 Indus Basin
6.1 Description and Water Resource Issues
The Indus Basin covers 1.2 million km2 in Pakistan, India, China and Afghanistan (Fig. 4),
with a total population in excess of 300 million. The western tributary rivers flowing off the
Himalayas (Indus, Jhelum, and Chenab) supply around 170 million km3 annually to the Indus
Plain. Flow from the Eastern Rivers (Ravi, Beas, and Sutlej) is around 11 million km3 and was
granted to India by the Indus Water Treaty of 1960. The Indus Basin Irrigation System (IBIS)
is the largest contiguous irrigation system in the world, providing water for more than 90 % of
the food production in Pakistan, and around 21 % of the country’s gross domestic product
(Qureshi 2011; Ringler and Anwar 2013). Only around 40 % of total water demands can be
met, and much of the deficit is supplied from groundwater, drawing on a major aquifer
underlying the basin and closely linked to the river system (Ringler and Anwar 2013;
Qureshi et al. 2010). Both India and Pakistan generate significant hydropower from the
Indus system. Monsoonal flooding is a significant problem in the Indus: in 2010, floods
affected 20 million people and almost one-fifth of Pakistan’s land area. The impacts of global
warming on Himalayan rivers are still very much a matter for debate, but both the timing and
severity of flooding in the Indus is likely to change (Immerzeel et al. 2013).
Fig. 4 Map of Indus Basin.
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6.2 Hydrological Models
Basin-scale modeling efforts in the Indus have focused on four main areas: combined crop and
hydrology models to optimize design and operation of irrigation infrastructure in the Indus
Basin Irrigation System (IBIS); groundwater models to assess water availability, and irrigation-
related water-logging and salinity; flood forecasting; and rainfall – runoff models to estimate
inflows to the river system as inputs to all water resources studies. Major modelling studies for
the Indus published since 2000 are listed in Table 4.
Since the late 1970s, the World Bank has supported the development of an Indus Basin
Model (IBM) and its various revisions (IBMR) (Bisschop et al. 1982; Ahmad et al. 1990).
IBMR-III, an agro-economical and irrigation optimization model, was transferred to WAPDA
(Water and Power Development Authority of Pakistan) in 1989. The model distributes
measured or calculated inflows from the upper Indus Basin into 12 agro-climatic zones and
45 canal commands in the Indus main irrigation system, and links a hydrologic network model
of a conjunctive stream and aquifer system with an economic model of agricultural production.
IBMR-III was used for studies including ranking of new irrigation projects after the Water
Apportionment Accord in 1991, design of Kalabagh Dam (Ahmad et al. 1990), alternative
salinity management projects (Rehman et al. 1997), optimizing cropping patterns for the
Rechna Doab sub-basin (IWMI 1997); and to assess future requirements of water for the
Lower Chenab Canal (LCC) command area (Jehangir et al. 2003). Further revisions were
made to enable use of the model to analyse options for raising the height of Mangla Dam,
using an updated IBMR based on hierarchical two-stage decision making (government and
farmer level) (Alam and Olsthoorn 2011). The model has been recently updated and modified
to reflect the current agro-economic conditions in Pakistan, as IBMR-2012, and has been used
to evaluate the impact of climate change on water allocation and food security (Yang et al.
2013).
Eastham et al. (2010b) developed a simple water account for the Indus basin using monthly
rainfall and flow data from public domain datasets. They were not able to access flow data for
6 of the 15 catchments of the Indus; and rainfall data for five mountain catchments were
anomalous (estimated precipitation was less than observed outflows). As a result, while the
model was able to reproduce plausible runoff and river flow, it needs further development to
represent water use under different land uses.
Because groundwater is such an important component of irrigation systems, models have
been developed to improve understanding of surface and groundwater interaction. The Finite
Element subsurface FLOW (FEFLOW) model has been used to predict groundwater levels in
response to changes in irrigation and agricultural practices and climate conditions (Wasy 1998;
Ashraf and Ahmad (2006) and to evaluate management options for conjunctive use of surface
and groundwater resources (Sarwar and Eggers (2006). However, all these studies were
conducted for limited sub-basins, rather than at basin scale. Chandio et al. 2012 employed
both 2D and 3D finite element models for groundwater simulation to evaluate impacts of
shallow wells on water table control in the lower parts of the Indus Basin.
To estimate total discharge from glacier melt, snowmelt and rainfall in the largely ungauged
Himalayan basins of the Upper Indus, a number of rainfall-runoff models have been devel-
oped. The UBC (University of British Colombia) watershed model, a semi-distributed model
for mountainous watersheds developed in the 1970s (Quick and Pipes 1977) has been applied
in the Indus, coupled with Link Model developed by Hashmi (1994) to model routed flows
and estimate ungauged lateral flows. APN-GCR (2005) calibrated the UBC model using 25
hydro-meteorological stations with climate and river flow data from WAPDA; and used the
outputs to assess impacts of deglaciation and temperature rise on flows in the Indus. UBC
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model has also been used by WAPDA to generate inputs to MODSIM for simulation of the
irrigation network in Indus Irrigation System, to assess impacts of climate changes (Shakir and
Habib-ur-Rehman 2010). Mukhopadhyay and Dutta (2010) have developed a model of stream
water availability in the Upper Indus Basin based on a topologic model and global climatic
datasets.
Khan et al. (2000) used a GIS based SWAT model (Arc-SWAT) to assess the potential for
extension of irrigation and hydropower infrastructure in the Indus basin. On-going work by the
Pakistan Council for Research in Water Resources (PCRWR) is using SWAT to model water
balance for the Upper Indus, based on 346 hydrological response units (HRUs). Climate data
from 22 weather stations in Pakistan, India, China and Afghanistan and monthly river
discharge data for 1994 to 2004 have been used for calibration (APN-GCR 2005). APN-
GCR (2005) also tested the Distributed Hydrology Soil & Vegetation Model (DHSVM) in a
small (1060 km2) basin in the Indus but data input requirements were very demanding, and the
model has not at this stage been extended to the rest of the basin. A project is currently
underway at Global Change Impact Studies Centre, Islamabad, to develop basin databases for
the Indus River System for the application of DHSVM (http://www.gcisc.org.pk/Water.aspx).
Seasonal and 10-daily flow forecasts, based primarily on meteorological data, are provided for
themajor rivers in the Indus basin by several institutions: the PakistanMeteorological Department,
the Water Resources Management Directorate and the Snow and Ice Hydrology Project of
WAPDA. A flood early warning system (FEWS) is operated by the Flood Forecasting Division
of the Pakistan Meteorological Department (www.pakmet.com.pk) using the Delft-FEWS soft-
ware (Werner and van Dijk 2005). The FEWS system is operational for the Indus river below
Tarbela and the tributary rivers, Chenab, Ravi, and Sutlej. However, the system did not perform
well during the catastrophic flood of 2010. Peak arrival times along the river are reasonably well
predicted, but the propagation of the water in the floodplains is very complex, and depends on the
local characteristics of the floodplain and dimensions of dyke breaches. The Japanese Integrated
Flood Analysis System (IFAS - http://www.icharm.pwri.go.jp/research/ifas/index.html) is being
tested for the Indus. This uses the PWRI 2-layer distributed hydrological model, with GIS routing
of flow using global datasets for elevation and land use. The regionally parameterized IFAS has
shown good synchronization with 2010 flood stages (Aziz and Tanaka 2011).
6.3 Cost
The IBMR is the result of 30 years of development and revision, funded mainly by the World
Bank. The current program funding under the Water Sector Capacity Building and Advisory
Services Project (WCAP) for Component B on Improvement in Water Resources Management
and Development in WAPDA of USD 14 million (2008 – 14) includes funding for a flow
forecast model for the upper catchment of Jhelum River and to establish a data base linking to
IBMR and other models (World Bank, no date, http://web.worldbank.org/external/projects/
main?pagePK=51351038&piPK=51351152&theSitePK=40941&projid=P110099).
6.4 Analysis
IBMR, in its various versions, was used in planning and system design in the Indus Basin
Irrigation System from the 1980s, but by 2007 Briscoe and Qamar (2007) concluded that “the
once-renowned Indus Basin Planning Models are no longer operative, and there is no model
of the basin and its hydrology and hydraulics which can provide high-quality information on
critical planning issues… or on critical operational issues…..”. While the models are still
available in WAPDA, much of the expertise to develop and use the model is in universities,
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and operational use is limited (Simindus 2011). There is currently a project under WCAP to
make the models available through the Indus River System Authority. SWAT models are also
being explored by to assess the potential for extension of irrigation and generation of
hydropower in the Indus by Pakistan Council for Research in Water Resources, but this is
mainly in research mode. Operational flood forecasting and early warning for the Indus is
supported by the Delft-FEWS model; and improvements are being explored in several other
programs (IFAS, ICIMOD, GCISC- see above).
Model development and application both in the IIS and elsewhere in the Basin have been
constrained by scarcity of hydrological and meteorological data, and large uncertainties in the
hydrological observations. Precipitation is one of the major unknowns, particularly in the
mountain areas which contribute the majority of runoff. Climate and river flow data for the
Upper Indus Basin fall far short of the WMO recommendation for density in rugged moun-
tainous areas (1 rain gauge per 250 m2), with less than one gauge per 5000 km2. Most gauges
are at valley sites, with only 3 automatic gauges above 4000 m. To address these data
shortages, Fowler and Archer (2006) demonstrated that temperature and precipitation are
highly correlated on a seasonal basis across the whole basin and suggest that climate statistics
from a single low-level station can provide a useful index of runoff for large catchments. The
use of rainfall data acquired in real time from satellites is improving the accuracy of flow
forecasts from runoff models (Rehman and Kamal 2010). Further improvements in flood
forecasting will require more detailed hydrodynamic models, which are contingent on detailed
information on floodplain morphology and structures.
Although the IBMR optimisation models were designed primarily for planning, with some
enhancement of both models and data they could be used to improve operations and manage-
ment in the IIS making volumetric delivery within the network or using seasonal flow forecasts
from upland sources for planning. SimIndus (2011) and Archer et al. (2010) attribute the lack
of operational use to a number of causes: lack of instrumentation to support operational use,
lack of capacity to handle model-derived information, and the absence of systems to assimilate
remotely sensed and other data for real-time operations. In addition, the existing IBMR suite
lacks a number of important physical model components (flood impact, ground water dynam-
ics, surface water- groundwater interaction, drainage, climate change) and has a limited range
of econometric crop models, with a strong focus on wheat.
Basin-scale modeling in the Indus has been relatively limited. The dominance of IBMR has
minimized duplication of effort; but at the same time, has possibly stifled exploration of
different approaches. Simindus (2011) stress the need for expanding the scope of modeling in
the IIS to include other models and a more interdisciplinary approach. In particular, linked
surface and groundwater models, and water quality models are needed to manage salinization
and drainage issues. As in the Ganges, scarcity of precipitation and flow data in the mountain
regions of the upper basin poses significant challenges, in the short to medium term, in
predicting inflows to the lower basin. Refining rainfall-runoff models for the ungauged sub-
basins is an important priority for future work.
7 Discussion
This review of basin scale modeling in four major river basins has confirmed the importance of
comprehensive basin-wide modeling approaches, to capture the complexity of the hydrology
in large basins in order to fully inform basin development decisions. As pointed out by World
Bank (2012), such systems are too large and complex to be understood intuitively. In all cases,
results from the models have been important in changing the debates about development,
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challenging commonly held perceptions about the dynamics of the river systems and how they
can be managed. The challenge is to develop these models in the most efficient and cost-
effective manner.
There is a substantial literature on defining and implementing “best practice modeling” for
water resources management – see for example Black et al. 2011; WMO 2009; Crout et al. 2008;
Jakeman et al. 2006. To quote Crout et al. (2008): the general components of this ‘good modelling
practice’ are probably not controversial (clear purpose; adequate reporting; serious evaluation).
These principles for evaluating individual models or modeling programs are pertinent in consid-
ering aggregatedmodeling efforts within a basin, with the additional considerations ofminimizing
duplication of effort. To answer the question of “how much modeling is enough” we need to
consider: fitness for purpose in terms of model type and complexity, and spatial and temporal
scale; evaluation and uncertainty; and issues of coordination and duplication.
In each of the basins reviewed in this study, the purposes for basin-scale modeling were
broadly similar (basin planning) but differed in detail: there is thus no blanket prescription for
how to build a basin model. In each case, a relatively simple suite of models comprising
rainfall-runoff model; water routing/water balance model; and hydrodynamic model for the
floodplain has been sufficient to frame the “big picture” – to describe the current state of water
availability and distribution; assess questions of equity of allocations between sectors, regions
or countries; and make projections of the likely impact of planned developments or externally
imposed changes. However, the emphasis on each of these components, and the need for
additional components (for example, to simulate groundwater and water quality) differs
between basins, depending on the specifics of the water resources situation.
Models must be complex enough to capture important forcings and feedbacks, but com-
plexity is not necessarily an advantage. Simpler models may perform better than more
complex ones, particularly in situations where availability of data for input, calibration and
validation is limited, as in the basins considered here, and indeed, many of the world’s large
river basins. Models are not a substitute for data collection, and data paucity should constrain
model complexity (Silberstein 2006; Jakeman et al. 2006). Effort in refining algorithms can
only be justified if model results can be validated and some estimate given of model
uncertainty. Højberg et al. (2010) point out that using a more complex model than the data
availability allows may result in increased uncertainty because the increase in parameter
uncertainty may be larger than the decrease in model structure uncertainty.
Pragmatically, the selection of the appropriate temporal and spatial scales for basin model-
ling is often informed, or indeed determined, by the scale of available input data (WMO 2009).
Most basin models run at daily time-steps, with results analysed and presented at weekly to
monthly resolution for planning purposes; but for flood forecasting, daily information is a
minimum requirement. As the spatial and temporal resolution of remotely sensed data for input
increases, there is a tendency to more spatially and temporally detailed models; but this must
be balanced against the ability to both evaluate and use model results in a meaningful way. For
policy decisions at the basin scale, high spatial and temporal resolution may be neither
appropriate nor useful.
In terms of both model complexity and spatial resolution, there are obvious advantages to
building nested suites of models, with increased detail for areas of particular interest nested
within a generalized framework. This approach has been proposed, for example, under the
eWater Source modeling platform (Welsh et al. 2013). While conceptually not difficult,
implementing such an approach is only possible if model setups, input data and results are
reported in sufficient detail to allow development of compatible model suites.
Two areas were identified as deficient in all of the basins studied: water quality models; and
groundwater models. This is to a large extent attributable to the paucity and localized nature of
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data with which to construct models in these domains. Different aspects of water quality
(sediment loading, nutrient balance, salinity) are important in each of the basins. Except in the
Indus, where groundwater is a large component of available supply, groundwater has not been
included in basin-scale models. Improving understanding of groundwater dynamics and
groundwater – surface water interactions (GWSWI), is an important priority for future work,
particularly in the floodplains and deltas. Bobba (2012) provides a review of current capability
and key knowledge gaps and challenges in modeling GWSWI.
In each of the basins, the degree of modeling effort was significantly influenced by
accessibility of data. In the Mekong and Nile, for example, compilation and public release
of hydrological and related data by the Mekong River Commission and IAHS (Sutcliffe and
Parks 1999) respectively, facilitated development of a wide range of model applications. In the
Ganges and Indus, where data are held in government agencies and not released to the public
domain, there has been much less activity. Availability of data is also a constraining factor for
the quality of models and the robustness of their results. As Silberstein (2006) points out,
improvement in the management of water resources will not come with improved models in
the absence of improved data.
The increasing availability of remotely sensed data as inputs for models is driving new
directions in hydrological modeling, with a move away from conventional, ground-based
measures to systems which assimilate satellite-generated time series of hydrological parame-
ters (such as precipitation, evapotranspiration, snow cover, and soil moisture) and land cover at
different spatial and temporal scales. It can be argued that these data are as valid a represen-
tation of “reality” as point observations – or more valid, in that they capture spatial variability
in a way that ground observations cannot. However, as Van Griensven et al. (2012) point out, it
is important to find methods to validate spatially distributed representations of hydrological
process based on these data. Their global availability, and replicable nature and public
availability are particularly important in regions where data are sparse or lacking, or where
there is potential for conflict over water resources.
Repeated modeling using different algorithms with the same data has limited value. A case
in point is hydrodynamic modeling of the Lower Mekong floodplain and delta. No fewer than
seven hydrodynamic models have been built for the region, but all are constrained by the
quality of the existing DEM and availability of reliable, up-to-date information on floodplain
infrastructure. We identified five main reasons for model duplication in the basins we studied.
1. Existing models are not published or available. In general, while the results of modeling
studies may be published, the actual model setup is rarely in the public domain. Even
where standard, publicly available software (such as SWAT) is used, it is not possible to
replicate model results unless the input data and details of model schematization are
published.
2. Existing models are not verified, or are not considered sufficiently accurate.
3. Existing models do not address the specific questions of the current study
4. Political sensitivities make sharing models difficult. This is particularly true in
transboundary basins.
5. Construction of a model is an important learning process and each new group, at the
inception of their work on a basin, uses the process as a way of learning about the basin.
Using someone else’s model may not engender the same degree of understanding.
Of these, all but the last can to a large extent be addressed by improving the reporting and
availability of models and data. Duplication per se is not necessarily a problem. Bringing a
diversity of approaches to a problem can improved the chances of finding a solution; and
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repeated modeling could add to the confidence of model results, if more effort were made to
ensure that results can be compared in a meaningful way. This requires that the schematization
and details of model setups be made available, as well as model results.
Uncertainty analysis remains problematic for water resources modeling, particularly where
modeling is used to inform policy. In a policy context, uncertainty is information – different
decisions may be made depending on the degree of assurance with which outcomes can be
predicted. Uncertainty analysis is thus essential as an input to socio-economic evaluations of
water resource management options; and also supports prioritizing of data collection (Black
et al. 2011). Refsgaard et al. (2007) discuss the types and sources of uncertainty associated
with water resources modeling, and conclude that in the context of policy and management,
uncertainty is most usefully described in terms of the degree of confidence that a decision
maker has about possible outcomes. This subjective view embodies a wide range of sources of
uncertainty, and is not well captured by statistical approaches commonly used to evaluate
hydrological models, such as Nash-Sutcliffe coefficients and sensitivity analysis. They elab-
orate a range of methods for characterizing and assessing uncertainty, and conclude that a
combination of approaches is needed, and particularly that uncertainty assessment should be
an integral part of modeling studies from the inception, performed jointly by modelers, water
managers and stakeholders. Such an approach is not evident in any of the basin studies that we
reviewed.
8 Recommendations
Based on our review, we have identified four areas for action to improve the effectiveness and
reduce duplication in basin scale modeling:
1. Publish model setups and input data, as well as model results, to allow more coordinated
approaches in evaluating results, and in building coherent nested model suites that
capitalize on past modeling efforts. Research agencies should promote, and funding
agencies should require as part of the research agreement, such open publication.
Journals publishing model results should require that model setups also be made available.
On-line journals are increasingly allowing authors to publish supporting material with
their papers, and it should become routine for details of model setups to be published, in a
format which allows other to replicate the setup using either freeware or proprietary
software. Platforms to facilitate online sharing of model setups already exist: for example,
IWMI’s Water Data Portal (dw.iwmi.org/) was initially composed to collate the models
setups for IWMI’s focal basins, but is open for others; and the Open Modelling Interface
(OpenMI – http://www.openmi.org/) aims to simplify linking of models through direct
transfer of data between models simulating different water-related processes operating at
different temporal and spatial scales.
2. Focus on uncertainty as an integral part of modeling studies, taking into account sources
of uncertainty beyond the model to allow a realistic assessment of the degree of confi-
dence that decision makers can have about potential outcomes. Assumptions underlying
model conceptualization must be clearly stated in publications reporting model results.
Research agencies need to put more effort into finding ways to describe and report
uncertainty in ways that are relevant for policy and management.
3. Improve quantity and quality of data for model input, calibration and validation. It is
essential that modeling programs be matched with efforts to improve the underlying data.
There is little point in setting up new models without more and better quality data. The
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focus of research needs to shift to data acquisition globally, with both increased effort in
traditional hydrological monitoring (improved networks, expansion of automated sys-
tems) and new methods for data collection, such as remote sensing, crowd-sourcing and
community based observations. Remotely sensed data are driving new directions in
hydrological modeling, but do not obviate the need for ground observations for calibration
and validation. New approaches are needed to validate spatially distributed representations
of hydrological process based on remotely sensed data. The International Association of
Hydrological Sciences (IAHS) Scientific Decade 2013–2022 “Panta Rhei” initiative will
specifically focus on advanced monitoring and data analysis techniques (Montanari et al.
2013).
4. Data sharing and coordination is essential to reduce redundancy of effort and promote
collaboration. In the major basins, river basin authorities (such as the Mekong River
Commission and Nile Basin Initiative Secretariat) already fulfill this purpose to some
extent, but may not always be the most appropriate forum for coordination for a range of
practical and political reasons. Unsurprisingly, RBOs focus on the needs of their internal
stakeholders rather than the broader modelling community; political considerations may
constrain data sharing; and resources may not be available to support modeling per se.
Academic institutions or government water resources departments may be more appro-
priate in some cases. Donors contemplating support for hydrological initiatives should
ensure that an appropriate coordinating agency is identified and adequately resourced.
The question “how much modeling is enough?” invites the obvious reply “enough for what
purpose?” and clearly has no simple answer. Our aim in posing the question is to challenge
researchers and funding agencies to give more consideration to the purpose of model appli-
cations; to their fitness for purpose in terms of temporal and spatial scale, and complexity; and
to what extent they could build from existing work, rather than starting from scratch.
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